Boron (B) is an essential trace element for vascular plants, 1, 2 and B deficiency inhibits the growth of root and shoot tips. 3 The B deficiency in field crops has been reported for various species and in many countries. 4 B deficiency is diagnosed by plant symptoms and by soil and plant analysis for good crop management.
B deficiency is diagnosed by plant symptoms and by soil and plant analysis for good crop management. 5 In plant analysis for mineral nutrition diagnosis, 6, 7 the total mineral content of leaves is frequently determined to compare with the critical content. Based on the role and behavior of minerals in plants, the fractionated analysis of active forms (e.g., water-soluble) and biochemical analysis of metal species related to the metal function (e.g., metalloenzyme) has also been proposed. Water-soluble B is reported to be possible to diagnose the B nutritional status in plants. 8 However, a biochemical diagnosis method for B has not yet been developed because the function of B in plants at the molecular level has not been well resolved until recent years.
In the last decade, much progress has been made in studying the chemical form and function of B in plants (Fig. 1) . 1, 2 It has been demonstrated that the water-soluble B in plants is present as boric acid, and as a borate ester with low-molecular-weight diol compounds (1:1 and 1:2), 9, 10 and that the amount of watersoluble B decreases with a decrease in the B supply. 8, 11 Waterinsoluble B has been revealed to exist in cell walls as a dimeric rhamnogalacturonan II-borate (dRG-II-B) complex, in which a borate-apiose (1:2) ester cross-links two monomeric RG-IIs. [12] [13] [14] [15] [16] The pectic polysaccharide RG-II is covalently bound to homogalacturonan, which is a major component of pectin. 17 The borate cross-linked RG-II or dRG-II-B/total RG-II ratio in cell walls of B-sufficient and deficient plants is reported to be 0.8 -0.9 and 0 -0.2, respectively. 18, 19 These studies have established that the major function of B in plants is to covalently cross-link RG-II by a borate ester, and thereby to form a pectic network. Such cross-linked pectin macromolecules contribute to the strength and integrity of cell walls. [18] [19] [20] Considering this B function, it is expected that the dRG-II-B to total RG-II ratio in cell walls would be a useful biochemical index to diagnose B deficiency in plants. Thus, in the present study, we analyzed the dRG-II-B to total RG-II ratio as well as the water-soluble B content of tissues of pumpkin hydroponically grown under various low-B conditions to evaluate their applicability to the diagnosis of plant B deficiency.
Materials and Methods

Plant material and growth conditions
Pumpkin seeds (Cucurbita maxima Duchesne cv. TokyoKabocha, Sakata Seed Co., Yokohama, Japan) were sown in washed rock-wool 66R (Nitto Boseki Co., Tokyo, Japan) and grown in a growth chamber (SANYO MLR-350) for 1 week at 22.5˚C and 12 h daylength. The plants were then transferred to 4 L plastic containers containing one-quarter-strength Hoagland's solution No. for an additional 5 days, and then harvested. The plants grown in the different initial B concentration are referred to as B0 plants, B0.5 plants etc. in this paper. Three plants were grown in each container. At harvest, the third true leaf was in the stage of development. The leaves (cotyledons and first to third leaves) and roots of each plant were separately collected and freeze dried. Then, the leaf blades and roots were pulverized.
Determination of total and water-soluble boron in tissues
The dried plant tissues (10 -20 mg) were digested with 300 μL of HNO3 in 10 mL Teflon ® tubes at 100 -120˚C for 2 h. The digests were made up to 10.0 mL with deionized water and analyzed for total B. The dried plant tissues (10 -15 mg) in 1.5 mL tubes were suspended in 1000 μL of deionized water, shaken for 1 h, and then centrifuged. The supernatants were analyzed for water-soluble B.
The B concentration in the sample solution was determined with an inductively coupled plasma mass spectrometer (ICP-MS) SII SPQ9000 (Seiko Instruments Inc., Chiba, Japan). The operating conditions of the ICP-MS were as follows: coolant gas, 16 L/min; auxiliary gas, 1.00 L/min; nebulizer gas, 1.05 L/min; and Rf power, 1.0 kW. The sample solution was introduced to the ICP-MS with a flow-injection mode equipped with a JASCO PU1580i pump (JASCO Co., Hachioji, Japan) connected to the inlet of a nebulizer of the ICP-MS with Tefzel ® tubing. The flow-injection conditions were as follows: carrier, deionized water; flow rate, 1.0 mL/min; and injection volume, 20 μL. 15, 19 The residue extracted with deionized water, as described above, for the determination of water-soluble B was suspended in 800 μL of aqueous 80% (v/v) ethanol, mixed by a homogenizer POLYTRON PT1300D (KINEMATICA, Lucerne, Switzerland), shaken for 20 min and centrifuged. The residue was then washed with 80% (v/v) ethanol, 99.5% (v/v) ethanol, chloroform:methanol (1:1, v/v), acetone and deionized water, freeze-dried, and used as a cell-wall sample.
Determination of dRG-II-B to total RG-II ratio in cell walls
The cell walls (5 -8 mg) in 1.5 mL tubes were saponified with 1000 μL of 0.1 M sodium hydroxide at 4˚C for 4 h. The suspensions were adjusted to pH 5.0 with 10% (v/v) acetic acid, and then treated with endo-polygalacturonase (EPG) from Aspergillus niger (2.5 units, Megazyme International, Ireland) at 35˚C for 16 h. The suspensions were centrifuged and the supernatants were subjected to size-exclusion high-performance liquid chromatography (SE-HPLC).
The HPLC system comprised a JASCO PU-1580i pump and RI-1530 refractive index detector using a Diol-120 column (8 × 300 mm, YMC Co., Kyoto, Japan). The HPLC conditions were as follows: eluent, 0.2 M ammonium formate (pH 6.5); flow rate, 1.0 mL/min; and injection volume, 50 μL. The dRG-II-B to total RG-II ratio was calculated from the peak area of dRG-II-B and monomeric RG-II (mRG-II).
Results and Discussion
When pumpkin plants were grown for 5 days under low-B conditions, growth depression was observed only for the third leaves of B0 and B0.5 plants and for the roots of B0, B0.5 and B1 plants (Fig. 2A) . The leaves did not show any visible symptoms of B deficiency, except for the second and third leaves of B0 plants, which appeared crinkled. Similar growth reductions and symptoms suffered from B deficiency were reported for sunflower plant by Dannel et al. 11 At harvest, the B concentration in the growth media decreased from the original level to 0.0 μM B for B0.5 and B1 plants, to 0.4 μM B for B2.5 plants, and to 2.6 μM B for B5 plants, probably due to active B uptake, 1, 22 indicating that the B0.5 and B1 plants as well as B0 plants were cultured under B deprived conditions.
The total and water-soluble B content of the pumpkin leaves and roots is shown in Figs. 2B and 2C , respectively. When the initial B concentration in the growth media decreased from 25 to 0 μM, the total B content of the shoots gradually decreased. Especially in the young second and third leaves, their total B content of B0 plants was ∼10% of that of the B25 plants. The water-soluble B content also decreased with decreasing B concentration in the media, coinciding with previous reports. 8, 11 It should be noted that the water-soluble B content of the second and third leaves was considerably lower in B0, B0.5 and B1 plants, as compared to B2.5, B5 and B25 plants.
The ranges of the total and water-soluble B content of the roots of pumpkin plants fed with 0 -25 μM B were 9 -19 and 1 -3 μg B/g, respectively. In contrast to shoots, the total and water-soluble B content of the roots did not differ very much depending on the B concentration in growth media, and the ratio of water-soluble B to total B content in the roots was constantly low (0.06 -0.14). A similar result was reported for sunflower 1126 ANALYTICAL SCIENCES AUGUST 2006, VOL. 22 roots with low B supply (0.1 -10 μM B). 11 The difference in the content between the total B and watersoluble B corresponds to cell wall B existing as dRG-II-B (Fig.  1) . Taking this into account, Figs. 2B and 2C also show that the cell wall B content on a tissue weight basis of the pumpkin plants decreased proportionally with decreasing B supply from sufficient to deficient level. We reported previously that the cell wall B content of B-deficient leaves of pumpkin grown with 0 μM B was one fifth of that of B-sufficient leaves, when the dRG-II-B to total RG-II ratio in cell walls was 0.1 -0.2 for the B-deficient leaves. 19 Accordingly, the B-bound dRG-II-B (MW, 10k) and B-free mRG-II (MW, 5k) in the cell walls of pumpkin tissues grown with 0 -25 μM B was solubilized by an EPG treatment and separated by SE-HPLC to determine the dRG-II-B to total RG-II ratio (Fig. 3) . The amount of RG-II solubilized from cell walls was estimated to be ∼40% or less, since the EPG-solubilized B to cell wall B ratio was measured to be 0.34 -0.40 for second leaves of B0 -B25 plants. As shown in Fig. 2D , the dRG-II-B to total RG-II ratio of leaves had almost the same values, ∼0.9, for B2.5, B5 and B25 plants, and declined step by step with decreasing B concentration from 2.5 to 0 μM B. A marked low value of the dRG-II-B ratio, 0.15, was observed for the second and third leaves of the B0 plants. The dRG-II-B ratio of roots gradually decreased from 0.87 of B25 plants to 0.56 of B0 plants. In B0 plants, the cell walls of roots gave much higher dRG-II-B ratio than those of young leaves although the cause was unclear.
The function of B in plants has been demonstrated to crosslink RG-II to form a pectic network and stabilize cell walls. [18] [19] [20] It is considered that, in plants, absorbed B is incorporated preferentially into dRG-II-B in cell walls and the remaining B is accumulated as water-soluble B. In the present study for pumpkin plants with low B supply, we revealed that the watersoluble B content was relatively very low in the B-deficient young leaves and, more interestingly, that the dRG-II-B to total RG-II ratio correlated well with the amount of B uptake in the tissue cell walls. In the young leaves, there was a distinct gap in their water-soluble B content between B-deficient (B0 -B1 plants) and B-sufficient (B2.5 -B25 plants) plants. Therefore, the water-soluble B content of plant tissues is possibly a good indicator of whether tissues are B deficient or not. The dRG-II-B ratio in pumpkin cell walls ranged widely between ∼0.9 in Bsufficient tissues and ∼0.15 in severe B-deficient tissues reflecting the B nutritional status of tissues. This result indicates that the degree of B shortage in plant tissues is very likely to be diagnosed by the dRG-II-B ratio in cell walls. For the diagnosis of B deficiency in plants, a total B analysis of the youngest leaves has been used, although the critical B content is species dependent and should be determined in advance for each plant. 5 In contrast, the dRG-II-B ratio method is theoretically applicable to any plants regardless of their B content level, and moreover, could diagnose the degree of B deficiency, including latent deficiency (hidden hunger), which shows no visible symptoms. Further studies on field-grown plants should be performed to establish the dRG-II-B ratio analysis together with the water-soluble B analysis as a practical method for diagnosing B deficiency in crops.
